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Abstract
In this work we study the effects of new-physics (NP) operators with different Lorentz
structures on the inclusive B → Xcτ ν¯ decay and make predictions for the ratio of total
decay rates R(Xc) =
Γ(B→Xcτ ν¯τ )
Γ(B→Xcℓν¯ℓ)
with ℓ = e, µ, the differential decay rates, dΓ
dq2
and dΓdEτ ,
forward-backward asymmetry AFB and the ratio of the differential decay rates B(q
2) =
dΓ(B→Xcτ ν¯τ )/dq2
dΓ(B→Xcℓν¯ℓ)/dq2
. In addition, we introduce some leptoquark models as explicit models
of the NP operators and study their effects on the inclusive decay. We consider O(αs)
radiative and 1/mb nonperturbative corrections to the Standard Model (SM) decay rate
and ignore their small effects in the NP contributions.
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1 Introduction
The b → cτν transitions have attracted a lot of attention recently as there is an excess
of τ production compared to SM predictions. The observables where the discrepancies
are measured, are the ratios of branching fractions of the semileptonic decays B¯ → D(∗)
defined by R(D(∗)) = B(B¯ → D(∗)τ−ν¯τ )/B(B¯ → D(∗)ℓ−ν¯ℓ), where ℓ = e, µ. These ratios
have been measured by the BABAR [1, 2], Belle [3, 4, 5, 6], and LHCb [7] collaborations
and their values are found to be considerably larger than their SM predictions. These
ratios of branching fractions have certain advantages over the absolute branching fraction
measurement of B → D(∗)τντ decays, as they are relatively less sensitive to form factor
variations and several systematic uncertainties, such as those on the experimental effi-
ciency, as well as the dependence on the value of |Vcb|, cancel in the ratios. We take the
SM predictions for these ratios to be (for ℓ = e)
R(D)SM = 0.298 ± 0.003,
R(D∗)SM = 0.255 ± 0.004. (1)
There are lattice QCD predictions for the ratio R(D)SM in the Standard Model [8, 9, 10]
that are in good agreement with one another,
R(D)SM = 0.299 ± 0.011 [FNAL/MILC], (2)
R(D)SM = 0.300 ± 0.008 [HPQCD]. (3)
Combining experimental and lattice results, the authors of Ref. [11] obtained R(D)SM in
Eq.(1) (with ℓ = µ) which is also in good agreement with the phenomenological prediction
in Ref. [12].
A calculation of R(D∗)SM is not yet available from lattice QCD and hence one can use
a phenomenological prediction using form factors extracted from B → D∗ℓν¯ experimental
data [12, 13]. Recently there have been new analyses of SM predictions of R(D∗) [14, 15,
16]. Here we use the results of [16] (where they do a combined analysis of the experimental
data, lattice QCD and light cone sum rule results) to produce the SM prediction in (1).
The averages of R(D) and R(D∗) measurements evaluated by the Heavy-Flavor Aver-
aging Group are [17]
R(D)exp = 0.407 ± 0.039 ± 0.024, (4)
R(D∗)exp = 0.304 ± 0.013 ± 0.007. (5)
The combined analysis of R(D) and R(D∗), taking into account measurement correlations,
finds that the deviation is at the level of 4.1σ from the SM prediction [17]. These measure-
ments could be a signal of a new physics beyond SM where the coupling of new physics to
the lepton generation is not universal. It is logical to probe this new physics in other decay
modes which are connected to the R(D(∗)) anomalies via the same b → cτν quark level
transitions. An example of such a connected decay is the inclusive decay B → Xcτ−ν¯τ .
In this work we study the effect of new-physics (NP) operators with different Lorentz
structures on the inclusive decay B → Xcτ−ν¯τ . In a model independent approach we
consider the most general dimension-6 new-physics operators that contribute to the b →
cτ−ν¯τ decay. In our calculations we construct the ratios of the experimental results (4)
1
and (5) to the phenomenological SM predictions:
R(D)Ratio =
R(D)exp
R(D)SM
= 1.36± 0.15,
R(D∗)Ratio =
R(D∗)exp
R(D∗)SM
= 1.19± 0.06. (6)
We use these values in Eq. (6) to find the allowed parameter space of the NP models as
done in Ref. [18, 19]. Taking one operator at a time we fix the size of the operators by
fitting to the measurements in Eq. (6) [20, 21, 22] and then we make predictions for several
observables in the inclusive decay. We also consider specific models of new physics where
more than one operator is present. In recent times, the inclusive decay has been discussed
in the SM and with NP by several authors [23, 24, 25, 26, 27]. A study of new-physics
contributions to resolve the tension between the inclusive and exclusive determination of
the Cabibbo-Kobayashi-Maskawa (CKM) element Vcb in b → cl−ν¯l decays with ℓ = e, µ
has been discussed in [28, 29].
In this paper we assume NP only in b→ cτ−ν¯τ decay and we improve upon the previous
calculations in the following way:
• We add NP to several differential observables including perturbative O(αs) and
1/m2b power corrections to the SM contribution. These corrections to the forward-
backward asymmetry AFB and the ratio of differential rates B, have not been worked
out previously. Adding O(αs) correction to AFB is less trivial than other observables
since one has to consider the three-body and four-body decays separately.
• We consider several leptoquark models where more than one NP coupling is present
and study their effects on the inclusive decay B → Xcτ−ν¯τ .
The theoretical prediction of the inclusive decay rate is rather precise in the SM. The
differential decay rate can be expanded systematically both in terms of perturbative and
nonperturbative QCD corrections. Perturbative QCD corrections O(αs) to the differential
decay rate were calculated in [30, 31, 32, 33]. For our purpose the calculations in [33] are
more useful, where the corrections to the five hadronic structure functions are given and
the formulas for the virtual and real gluon corrections are given separately. This allows us
to calculate the correction to the phenomenological aspects of the inclusive B decay such as
q2 and Eτ distributions, the ratio of the differential decay rates B(q
2) = dΓ(B→Xcτ ν¯τ )/dq
2
dΓ(B→Xcℓν¯ℓ)/dq2
and more specifically the forward-backward asymmetry, AFB .
Nonperturbative correction to the inclusive semileptonic decay, which is an expansion
in ΛQCD/mb, is calculated in the context of operator product expansion (OPE) and heavy
quark effective theory (HQET) [34, 35, 36, 37], and [23]. Here mb is the heavy quark
mass (bottom quark) and ΛQCD is the nonperturbative scale parameter of the strong
interactions. In the limit mb → ∞ we recover the free quark decay and the ΛQCD/mb
correction vanishes. The leading order nonperturbative correction is of order Λ2QCD/m
2
b
and is parametrized by two hadronic matrix elements, λ1 and λ2, which are related to the
kinetic energy and spin interaction of the b quark in the B meson.
Higher order O(α2s) corrections to the total rate are known in the SM, but it turns
out that even at order O(αs) the radiative corrections to B → Xcτ−ν¯τ and B → Xcℓ−ν¯ℓ
are correlated and cancel out largely in the ratio of the decay rates R(Xc) =
B[B→Xcτ−ν¯τ ]
B[B→Xcℓ−ν¯ℓ]
2
[38]. So we only consider the order O(αs) correction in the ratios of the total/differential
decay rates as well as in the definition of the forward-backward asymmetry. The second
order QCD corrections to semileptonic b → c inclusive transitions, not considered here,
can be important for the rates and the absolute differential rates [38, 39] and so the ratios
should be considered cleaner probes of new physics.
Since we consider NP as a correction to the SM, we do not include radiative QCD
corrections to the NP part as their contribution should be relatively small. The effect of
nonperturbative O(1/mb) corrections to NP contributions will be considered in a future
work.
The paper is organized as follows: The effective Hamiltonian of the NP interactions
and helicity amplitudes of the inclusive B decay are presented in Sec. 2. In Sec. 3, the
power correction and the radiative correction of order O(αs) are discussed. The model-
independent phenomenological analysis of individual new-physics couplings is considered
in Sec. 4, while leptoquark models are considered in Sec. 5, and finally we conclude in
Sec. 6.
2 Formalism
2.1 Effective Hamiltonian
The effective Hamiltonian of the NP operators for the quark-level transition b → cτ−ν¯τ
can be written in the form [40, 41]
Heff = GFVcb√
2
{[
c¯γµ(1− γ5)b+ gLc¯γµ(1− γ5)b+ gRc¯γµ(1 + γ5)b
]
τ¯ γµ(1− γ5)ντ
+
[
gS c¯b+ gP c¯γ5b
]
τ¯(1− γ5)ντ +
[
gT c¯σ
µν(1− γ5)b
]
τ¯σµν(1− γ5)ντ +H.c.
}
,
(7)
where GF is the Fermi constant, Vcb is the CKM matrix element, and we use σµν =
i[γµ, γν ]/2. When gL = gR = gS = gP = gT = 0, the above equation produces the SM
effective Hamiltonian. In this paper, we consider only the active neutrinos which are left
chiral. In the presence of new physics, in general, the τ lepton can be associated with any
neutrino flavor. To allow for lepton universality violation we assume NP to dominantly
affect the third generation leptons [42, 43]. The coefficients of the various operators in
the effective Hamiltonian are taken at the mb energy scale. In general for models defined
at a large scale Λ, one has to run down the Wilson’s coefficients to the mb energy scale.
As discussed in Refs. [44, 45] the RGE running will in general lead to the generation of
operators that will lead to other decays and constraints from those decays have to be
carefully considered.
2.2 Decay process
In this section we present the calculations of the inclusive B decay at the free quark level
with new-physics contributions. The process under consideration is
b(pb)→ τ−(pτ ) + ν¯τ (pν¯τ ) + c(pc).
3
The differential decay rate is
dΓ =
1
2mb
G2F |Vcb|2
4
∑
λc
∑
λτ
|Mλτλc |2dΦ3, (8)
where dΦ3 is the three-body phase space which can be written as
dΦ3 =
√
Q+Q−
256π3m2b
(1− m
2
τ
q2
)dq2dcos(θτ ), (9)
with
q = pb − pc, (10)
Q± = (mb ±mc)2 − q2 . (11)
The angle θτ is defined as the angle between the momenta of the τ lepton and the b quark
in the dilepton rest frame.
The helicity amplitude Mλτλc is written as [46]
Mλτλc = HSPλc,λ=0Lλτ +
∑
λ
ηλH
V A
λc,λL
λτ
λ +
∑
λ,λ′
ηληλ′H
(T )λb
λc,λ,λ′
Lλτλ,λ′ . (12)
Here, (λ, λ′) indicate the helicity of the virtual vector boson, and λc and λτ are the
helicities of the c quark and τ lepton, respectively, and ηλ = 1 for λ = t and ηλ = −1 for
λ = 0,±1.
The explicit expressions for the hadronic (Hλc) and leptonic (L
λτ ) helicity amplitudes
are presented in Appendix A.
3 QCD correction to differential decay rates and forward-
backward asymmetry
From the twofold decay distribution (8), one may obtain expressions for various observables
at the free quark level. These expressions in terms of hadronic helicity amplitudes are
presented in Appendix C.
Here we shortly discuss the inclusion of QCD corrections to the differential rates. In [33],
the hadronic tensor of the transition b → c is parametrized in terms of five hadronic
structure functions. The QCD corrections to these structure functions are calculated to
O(αs) and generic BLM (αnsβn−10 ) order, and numerical results are given in the massless
lepton case. This correction consists of two parts: loop correction, which is the virtual
part and has the same kinematics as the three-body decay, and the real gluon emission
(four-body decay) which has an infrared divergence that cancels out with the divergence
in the loop contribution.
Here, using the results of [33], we add the O(αs) correction to the differential decay rates
and forward-backward asymmetry in the case where the final lepton is massive. To add the
O(αs) correction, one should find the appropriate integration intervals for the three-body
(four-body) decay in the case of loop correction (real gluon emission). Since the correction
to the triple differential distribution for b→ clν¯l is given as a function of the lepton energy,
it is more convenient to introduce the definitions of the forward and backward terms in
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the forward-backward asymmetry (AFB) [Eq. (15)] in terms of the lepton energy rather
than the τ scattering angle θτ . Therefore, the integration is done over the lepton energy
rather than the angle θτ .
In Appendix B we find the relation between the τ energy Eτ , which is defined in the b
quark’s rest frame, and the angle θτ defined in the dilepton’s rest frame. A comprehensive
study of decay kinematics is given in [47].
For the energy Eτ in four-body decay we find (see Appendix B)
Eτ =
1
4mbq2
[
(m2b + q
2 − r2)(m2τ + q2)− (q2 −m2τ )
√
λ(m2b , q
2, r2)cos(θτ )
]
, (13)
where λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac − 2bc, and q2 and r2 are the invariant masses
of the dilepton and the charm-quark/gluon systems, respectively. For three-body decay
r2 reduces to m2c . From the above equation we can find the bounds on the τ energy by
cos(θτ ) = ±1,
E±τ =
1
4mbq2
[
(m2b + q
2 − r2)(m2τ + q2)± (q2 −m2τ )
√
λ(m2b , q
2, r2)
]
. (14)
Using this equation we can easily calculate the forward-backward asymmetry by perform-
ing the integration over Eτ instead of cos(θτ ). We therefore define the forward-backward
asymmetry in the case of four-body decay as
AFB =
∫
(
∫ E0τ
E−τ
dΓ
dq2dr2dEτ
dEτ −
∫ E+τ
E0τ
dΓ
dq2dr2dEτ
dEτ )dr
2
dΓ
dq2
, (15)
where E0τ =
(m2
b
+q2−r2)(m2τ+q
2)
4mbq2
. Note that the integration over r2 appears only in the case
of the four-body decay.
4 Model-independent analysis of individual new-physics cou-
plings
In this section we consider one NP coupling at a time. Constraints on NP parameters
(follow the discussion in Ref. [18]) are considered from the existing measurements of R(D)
and R(D∗) mesons and from the Bc lifetime. The Bc measurement does not have any
significant effect on the constraints except for the gP coupling. (In general, NP couplings
are taken to be complex. Nevertheless, in the numerical analysis of R(Xc), Fig. 1 and
Tables 3 and 4, we take these couplings to be real for simplicity.)
We require the NP couplings to reproduce the measurements of RRatioD and R
Ratio
D∗
within the 3σ range. The coupling gS(gP ) only contributes to R
Ratio
D (R
Ratio
D∗ ) while the
other couplings contribute to both channels. The constraint due to Bc has been considered
before in [48, 49, 25]. Here we follow the same procedure and use an upper limit of
B(Bc → τ−ν¯τ ) ≤ 30%, and we take fBc = 0.434(15)GeV from lattice QCD [50], to impose
this constraint on the NP coupling gP . A stronger constraint on B(Bc → τ−ν¯τ ) ≤ 10% can
be obtained with additional theory input[51] which will further constrain the gP coupling
but we will stick to the more conservative estimate B(Bc → τ−ν¯τ ) ≤ 30% in this work.
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Parameter Value
mb 4.71 ± 0.05 GeV
δmbc 3.40 ± 0.02 GeV
λ1 −0.30 GeV 2 ± 25%
λ2 0.12 GeV
2 ± 25%
αs 0.218
+0.065
−0.040
Table 1: Parameters used in numerical results.
For numerical inputs we use the 1S mass scheme for the quark masses (see [52, 53] and
[23]). We use the parameters as given in [23], and they are presented in Table 1.
The SM prediction for the ratio of decay rates becomes
R(Xc)SM =
B(B → Xcτ ν¯)
B(B → Xcℓν¯) = 0.221 ± 0.005, (16)
which is comparable with the central value ofR(Xc)SM = 0.222 given in [25] andR(Xc)SM =
0.223 in [23, 24] where they add in addition the O(α2s) correction to the total rate.
Recently power correction of order 1/m3b to this decay rate has been calculated [26]. Tak-
ing into account this correction will result in a reduction of ∼ 7% in R(Xc) which is a
noticeable effect. Nevertheless, in order to be consistent throughout the paper we do not
consider this correction for our numerical study and we present all observables calculated
up to the same perturbative and nonperturbative order.
We now consider the effect of NP models on the total inclusive decay rate. There is
an ALEPH measurement [54]
B(b→ Xτ−ν¯τ )exp = (2.43 ± 0.32) × 10−2, (17)
where X = Xc+Xu are all possible states from b→ c and b→ u transitions. In some part
of our analysis we will use the above measurement as an experimental input. When we do
that we will set the ALEPH measurement to the inclusive rate for B(B → Xcτ−ν¯τ ). The
ALEPH measurement represents the inclusive decays of a mixture of b hadrons and in the
leading order in the heavy quark expansion all b hadrons have the same width. Moreover,
we will neglect the small b→ Xuτ−ν¯τ transition.
Using the world average for the semileptonic branching ratio into the light lepton [55],
B(B → Xcℓ−ν¯ℓ)exp = (10.65 ± 0.16) × 10−2, (18)
we can find for the ratio
R(Xc)exp = 0.228 ± 0.030. (19)
In Fig. 1 we plot the effect of new physics on the ratio of total inclusive decay rates
R(Xc) (blue lines) by taking the NP couplings to be real. The pink shaded areas show the
allowed range of measured R(Xc), within 1σ using (19) and the green shaded areas are
constraints (on the couplings) due to the measurements of R(D) and R(D∗) within a 3σ
interval and the branching ratio of Bc. As we can see from the figure, for the gS , gL and
gT couplings, the experimental (1σ) bounds on R(Xc) can reduce the allowed parameter
space for the NP couplings. This effect is more pronounced for the gL and gT couplings
6
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Figure 1: The effect of real NP couplings on the ratio of total decay rates R(Xc) (blue
lines). The pink shaded areas are the allowed regions within 1σ of the central value for
R(Xc)exp and the green shaded areas are constraints on the couplings due to measurements
of R(D) and R(D∗) and the branching ratio of Bc.
Coupling Allowed value
gS (−1.89,−1.42) and (−0.07, 0.33)
gP (0.09, 0.73)
gL (−2.07,−2.01) and (0.01, 0.07)
gR (−0.05,−0.01)
gT (−0.04, 0)
Table 2: Allowed values of the coupling constants taken from Fig. 1.
where a significant part of the allowed coupling values are excluded by R(Xc). The allowed
values of the couplings are given in Table 2. On the other hand if the ALEPH result is
not used as an input, large deviations from the SM are possible for the inclusive rate. As
an illustration, in Tables 3 and 4 we present maximum and minimum values of R(D(∗))
in each model by considering the measurements of R(D(∗)) and the branching ratio of
Bc as constraints, and we compare them with the corresponding values when we add the
inclusive measurement as another constraint.
Now we consider differential rates and we first consider effects of perturbative and
nonperturbative corrections to the differential rates in the SM. In Fig. 2 we plot the
differential distributions, 1Γ0
dΓ
dq2 and
1
Γ0
dΓ
dEτ
, the ratio of the differential decay rate B =
dΓ(B→Xcτ ν¯τ )/dq2
dΓ(B→Xcℓν¯ℓ)/dq2
, and the forward-backward asymmetry AFB in Eq. (15) in the SM at
leading and next-to-leading order and with the 1/m2b correction. We normalize these
observables to Γ0 where
Γ0 =
G2F |Vcb|2m5b
192π3
. (20)
As shown, the radiative correction to B and AFB is not as effective as in the case of dΓ/dq
2
or dΓ/dEτ . In general, we expect higher order perturbative corrections to affect the q
2 and
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Max/Min Values
Without (With) Inclusive Constraint
gS or gP
Max/Min Values
Without (With) Inclusive Constraint
gL
R(D)Ratio
1.83/0.90 (1.75/0.90)
at gS = −1.92 or 0.43 / −1.42 or −0.07 (gS = −1.89/−1.42 or −0.07 )
1.38/1.01 (1.14/1.01)
at gL = −2.17 or 0.17 / −2 or 0.005 (gL = −2.07 or 0.07 / −2 or 0.005)
R(D)
0.545/0.269 (0.523/0.269)
at gS = −1.92 or 0.43 / -1.42 or -0.07 (gS = −1.89/−1.42 or −0.07)
0.410/0.301 (0.340/0.301)
at gL = −2.17 or 0.17 / −2 or 0.005 (gL = −2.07 or 0.07 / −2 or 0.005)
R(D∗)Ratio
1.10/1.01 (1.10/1.01)
at gP = 0.726/0.087 (gP = 0.726/0.087)
1.38/1.01 (1.14/1.01)
at gL = −2.17 or 0.17 / −2 or 0.005 (gL = −2.07 or 0.07 / −2 or 0.005)
R(D∗)
0.281/0.257 (0.281/0.257)
at gP = 0.726/0.087 (gP = 0.726/0.087)
0.351/0.257 (0.290/0.257)
at gL = −2.17 or 0.17 / −2 or 0.005 (gL = −2.07 or 0.07 / −2 or 0.005)
Table 3: Comparing maximum and minimum values of R(D(∗)) by using measurements of
R(D(∗)) and the branching ratio of Bc without (with) adding the inclusive measurement
as a constraint.
Max/Min Values
Without (With) Inclusive Constraint
gR
Max/Min Values
Without (With) Inclusive Constraint
gT
R(D)Ratio
0.99/0.90 (0.99/0.90)
at gR = −0.006/ − 0.05 (gR = −0.006/ − 0.05)
1.41/0.95 (1.00/0.97)
at gT = 0.365/−0.058 (gT = −0.002/ − 0.038)
R(D)
0.295/0.269 (0.295/0.269)
at gR = −0.006/ − 0.05 (gR = −0.006/ − 0.05)
0.421/0.283 (0.298/0.288)
at gT = 0.365/−0.058 (gT = −0.002/ − 0.038)
R(D∗)Ratio
1.09/1.01 (1.09/1.01)
at gR = −0.05/ − 0.006 (gR = −0.05/ − 0.006)
1.38/1.01 (1.23/1.01)
at gT = 0.365 or −0.058 / 0.309 or −0.002 (gT = −0.038/ − 0.002)
R(D∗)
0.278/0.257 (0.278/0.257)
at gR = −0.05/ − 0.006 (gR = −0.05/ − 0.006)
0.351/0.257 (0.314/0.257)
at gT = 0.365 or −0.058 / 0.309 or −0.002 (gT = −0.038/ − 0.002)
Table 4: Comparing maximum and minimum values of R(D(∗)) by using measurements of
R(D(∗)) and the branching ratio of Bc without (with) adding the inclusive measurement
as a constraint.
the Eτ distributions by larger amounts compared to the B and the AFB observables which
involve ratios of differential quantities. The 1/m2b correction has a considerable effect on
all observables except the ratio of differential branching ratios, B. In this observable
the power correction becomes noticeable only close to the end point region. In general
however, one should be careful when interpreting the power corrections locally as the OPE
breaks down near the end points.
In Figures 3 - 6 we present the effects of different NP couplings on the observables
1
Γ0
dΓ
dq2
, 1Γ0
dΓ
dEτ
, B, and AFB by considering one coupling at a time. In these plots, the SM
uncertainties to the observables are shown as error bars. To calculate these uncertainties
we use the numerical values in Table 1 and propagate the uncertainties for each observable.
To account for O(α2s) corrections for each observable, we use the calculations in [38] where
the O(αs) and O(α2s) orders contribute to the total decay rate with the amount of about
10% and 6% of the leading order, respectively. Therefore, we assume the unknown higher
order contributions in the differential distributions to follow the same ratios. We estimate
the errors due to O(α2s) corrections to be ±70% of the O(αs) correction and add this
estimate as an uncertainty to the differential decay rates. For the two observables B and
AFB, we see that these uncertainties are considerably smaller.
Except for the gP coupling which is tightly constrained by Bc, we see that NP models can
have considerable effects on these observables in general. In particular we see that AFB
can have zero crossings and take negative values unlike the SM for some NP couplings.
The imaginary parts if present in the NP couplings lead to CP violation in the inclusive B
decay. However, the presence of CP violation like rate asymmetries requires the existence
of weak phases as well as strong phases. This is a separate point to be discussed in another
paper.
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Figure 2: The differential decay rates (1/Γ0)dΓ/dq
2 and (1/Γ0)dΓ/dEτ , the ratio of the
differential decay rates B, and forward-backward asymmetry AFB at leading (solid line),
next-to-leading (dashed line) and next-to-leading order with 1/m2b correction (dashed-
dotted line) for the process B → Xcτ−ν¯τ .
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Figure 3: The effect of individual new-physics couplings on the B → Xcτ−ν¯τ differential
decay rate (1/Γ0)dΓ/dq
2, including the QCD O(αs) and 1/m2b correction in the SM con-
tribution only. Each plot shows the observable in the Standard Model and for two allowed
values of the new-physics couplings.
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Figure 4: The effect of individual new-physics couplings on the B → Xcτ−ν¯τ differential
decay rate (1/Γ0)dΓ/dEτ , including the QCD O(αs) and 1/m2b correction in the SM con-
tribution only. Each plot shows the observable in the Standard Model and for two allowed
values of the new-physics couplings.
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Figure 5: The effect of individual new-physics couplings on the B ratio, including the QCD
O(αs) and 1/m2b correction in the SM contribution only. Each plot shows the observable
in the Standard Model and for two allowed values of the new-physics couplings.
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Figure 6: The effect of individual new-physics couplings on the B → Xcτ−ν¯τ forward-
backward asymmetry AFB , including the QCD O(αs) and 1/m2b correction in the SM
contribution only. Each plot shows the observable in the Standard Model and for two
allowed values of the new-physics couplings.
5 Leptoquark model results
In this section we introduce leptoquark models that can be the origin of the general cou-
plings in the effective Hamiltonian (7). In a recent work [18] we considered these models in
detail. To be self-contained, we briefly describe how these models generate the couplings
in the effective Hamiltonian (7).
In Ref. [56] several leptoquark models are considered as possible NP scenarios. These
models can be grouped as scalar and vector leptoquarks where they can generate scalar
(gS , gP ); vector (gL); and tensor (gT ) couplings as follows:
• The S3 and U3 triplet scalar and vector leptoquarks generate the vector coupling
gL.
• The U1 singlet vector leptoquark generates scalar (gS , gP ) and vector (gL) couplings.
• The R2 doublet scalr leptoquark generates scalar (gS , gP ) and tensor (gT ) couplings.
• The S1 singlet scalar leptoquark generates scalar (gS , gP ), vector (gL) and tensor
(gT ) couplings.
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The leptoquark Lagrangian generates these couplings in the following way:
gS =
√
2
4GFVcb
3∑
k=1
Vk3
[
−2g
kl
2Lg
23∗
2R
M2V2
− 2h
2l
1Lh
k3∗
1R
M2U1
− g
kl
1Lg
23∗
1R
2M2S1
− h
2l
2Lh
k3∗
2R
2M2R2
]
, (21)
gP =
√
2
4GFVcb
3∑
k=1
Vk3
[
−2g
kl
2Lg
23∗
2R
M2V2
− 2h
2l
1Lh
k3∗
1R
M2U1
+
gkl1Lg
23∗
1R
2M2S1
+
h2l2Lh
k3∗
2R
2M2R2
]
, (22)
gL =
√
2
4GFVcb
3∑
k=1
Vk3
[
gkl1Lg
23∗
1L
2M2S1
− g
kl
3Lg
23∗
3L
2M2
S3
+
h2l1Lh
k3∗
1L
M2U1
− h
2l
3Lh
k3∗
3L
M2
U3
]
, (23)
gR = 0, (24)
gT =
√
2
4GFVcb
3∑
k=1
Vk3
[
gkl1Lg
23∗
1R
8M2S1
− h
2l
2Lh
k3∗
2R
8M2R2
]
. (25)
where gij and hij are the leptoquark couplings with i(j) indicating the generation of
quarks (leptons) and M ’s are leptoquark masses with the subscripts corresponding to the
leptoquark type. One should run these couplings down to the b quark mass scale as they
are defined at the leptoquark mass scale (∼ 1 TeV ). Here Vk3 corresponds to the CKM
matrix element, with 3 referring to the bottom quark. We neglect the CKM-suppressed
contributions from k = 1 and k = 2.
For completeness we just remind the reader that the leptoquark couplings can also be
constrained by b → sνν¯ decays, so we also consider the exclusive B → K(∗)νν¯ decays in
our analysis. Following Ref. [12], the b → sνj ν¯i process can be described by the effective
Hamiltonian,
Heff =
4GF√
2
VtbV
∗
ts
[(
δijC
(SM)
L + C
ij
L
)
OijL + C
ij
RO
ij
R
]
, (26)
where the left-handed and right-handed operators are defined as
OijL =(s¯Lγ
µbL)(ν¯jLγµνiL) ,
OijR =(s¯Rγ
µbR)(ν¯jLγµνiL) .
(27)
The SM Wilson coefficient C
(SM)
L receives contributions from the box and the Z-penguin
diagrams, which yield
C
(SM)
L =
α
2π sin2 θW
X(m2t /M
2
W ) , (28)
where the loop function X(xt) can be found e.g. in Ref. [57]. Leptoquarks produce con-
tributions to CijL which, to leading order, are equal to [12]
CijL =−
1
2
√
2GFVtbV
∗
ts
[
g3i1Lg
2j∗
1L
2M2S1
+
g3i3Lg
2j∗
3L
2M2S3
− 2h
2i
3Lh
3j∗
3L
M2U3
]
. (29a)
Now we obtain the common coefficients for the b→ cτ ν¯l and b→ sντ ν¯l processes,
C l3L =−
1
2
√
2GFVtbV
∗
ts
[
g3l1Lg
23∗
1L
2M2S1
+
g3l3Lg
23∗
3L
2M2S3
− 2h
2l
3Lh
33∗
3L
M2U3
]
. (30a)
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Hence, for l = 3 we obtain
BSM+NPK
BSMK
=
BSM+NPK∗
BSMK∗
=
∣∣∣∣∣3C
(SM)
L + C
33
L
3C
(SM)
L
∣∣∣∣∣
2
, (31)
while for l = 1, 2 we have
BSM+NPK
BSMK
=
BSM+NPK∗
BSMK∗
=
∣∣∣∣∣ C
l3
L
3C
(SM)
L
∣∣∣∣∣
2
. (32)
Now we apply leptoquark models to the inclusive decay B → Xcτ−ν¯τ . In leptoquark
models in general, we can have all neutrino generations coupled to the τ lepton as NP
effects. We impose the constraints on all the leptoquark couplings simultaneously from
the experimental measurements of R(D) and R(D∗) within a 3σ confidence level, as well
as τBc and B(B → K(∗)νν¯). Then we substitute the allowed values of the couplings in
the calculations of RRatioD , R
Ratio
D∗ , and R
Ratio
Xc
to demonstrate the allowed regions of these
observables in the presence of each leptoquark model. The results are presented in Fig. 7.
Since in leptoquark models in general, there can be multiple NP couplings present (as
opposed to model independent scenarios where one coupling at a time is considered), in
Figs. 8 - 12 we present the effect of different leptoquark models (S1, R2, U1, S3, U3)
for some allowed values of the model parameters on the inclusive decay B → Xcτ−ν¯τ
observables. S3 and U3 models are tightly constrained and only small effects are possible,
while other models can have large effects on the considered observables. This can be seen
in the correlation plots in the RRatioXc − RRatioD and RRatioXc − RRatioD∗ planes where in the
S3 and U3 models we see small deviations of the R values from the SM predictions while
large deviations are possible with the other leptoquarks. The differential distributions can
have different shapes from the SM and AFB can have zero crossings and take negative
values for certain leptoquark models. The pattern of deviations from the SM can also
be different for the different leptoquark models. Hence the careful measurements of these
observables can point to the presence of leptoquarks and give clues to their structures.
As discussed in the previous section, the CP violation in the inclusive B decay suggested
by the imaginary parts of the couplings in the leptoquark model may be discussed in a
separate paper.
6 Conclusions
Recent measurements of R(D(∗)) that show large deviation from the SMmight be providing
hints of lepton nonuniversal NP. The underlying transition in these decays b→ cτ−ν¯τ can
also be probed in other decays and in this paper we consider one such process which is the
inclusive decay B → Xcτ−ν¯τ . Inclusive decays suffer from less hadronic uncertainties than
exclusive decays and so these decays offer good tests of the SM. In this work we considered
NP effects in the inclusive decay B → Xcτ−ν¯τ with the NP parameters constrained by
the R(D(∗)) measurements. We first adopted a model independent approach where the
NP is expressed in terms of higher dimensional operators with various Lorentz structures.
Considering one NP operator at a time we considered the effect of NP on the inclusive
decay. In the SM the inclusive decays were calculated to perturbative O(αs) and 1/m2b
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Figure 7: The allowed regions in the RRatioXc − RRatioD and RRatioXc − RRatioD∗ planes for each
leptoquark model where the couplings are constrained by measurements of R(D) and
R(D∗), the branching ratio of Bc → τ−ν¯τ , and are consistent with the upper bounds on
B(B → K(∗)νν¯) at 90% C.L.
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Figure 8: The effects of the S1 leptoquark model on the differential decay rates
(1/Γ0)dΓ/dq
2, (1/Γ0)dΓ/dEτ ; the ratio of differential rates B; and the forward-backward
asymmetry (AFB) of B → Xcτ−ν¯τ . Each plot shows the observable in the Standard
Model and for two allowed values of the NP couplings. The red curves correspond to
g331Lg
23∗
1R = 0.203 + 0.121i, g
32
1Lg
23∗
1R = 1.100 − 0.385i, g311Lg23∗1R = 0.270 + 0.149i, g331Lg23∗1L =
−0.015+0.014i, g321Lg23∗1L = −0.027−0.031i, g311Lg23∗1L = −0.054−0.009i, and the blue curves
correspond to g331Lg
23∗
1R = 0.420−0.369i, g321Lg23∗1R = −0.818−0.253i, g311Lg23∗1R = 0.711+0.761i,
g331Lg
23∗
1L = 0.095 + 0.002i, g
32
1Lg
23∗
1L = −0.042− 0.110i, g311Lg23∗1L = −0.003− 0.022i, while the
green curves correspond to the Standard Model.
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Figure 9: The effects of the R2 leptoquark model on the differential decay rates
(1/Γ0)dΓ/dq
2, (1/Γ0)dΓ/dEτ ; the ratio of differential rates B; and the forward-backward
asymmetry (AFB) of B → Xcτ−ν¯τ . Each plot shows the observable in the Standard
Model and for two allowed values of the NP couplings. The red curves correspond to
h232Lh
33∗
2R = 0.106 − 0.958i, h222Lh33∗2R = −0.218 − 0.546i, h212Lh33∗2R = 0.493 − 0.134i, and
the blue curves correspond to h232Lh
33∗
2R = −0.141 + 0.104i, h222Lh33∗2R = −0.814 − 0.647i,
h212Lh
33∗
2R = −0.324 − 0.140i, respectively, while the green curves correspond to the Stan-
dard Model.
16
4  8 10
-0.005
0.000
0.005
0.010
0.015
0.020
0.025
q2[GeV2]
(1
/Γ
0
)d
Γ
/d
q
2
[G
e
V
-
2
]
U1 Leptoquark
1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5
0.0
0.1
0.2
0.3
0.4
Eτ[GeV]
(1
/Γ
0
)d
Γ
/

τ
[G
e
V
-
1
]
U1 Leptoquark
4  8 10
-0.5
0.0
0.5
1.0
1.5
q2[GeV2]
B
U1 Leptoquark
4  8 10
-0.4
-0.2
0.0
0.2
0.4

q2[GeV2]
A
F
B
U1 Leptoquark
Figure 10: The effects of the U1 leptoquark model on the differential decay rates
(1/Γ0)dΓ/dq
2, (1/Γ0)dΓ/dEτ ; the ratio of differential rates B; and the forward-backward
asymmetry (AFB) of B → Xcτ−ν¯τ . Each plot shows the observable in the Standard
Model and for two allowed values of the NP couplings. The red curves correspond
to h231Lh
33∗
1R = −0.127 − 0.395i, h221Lh33∗1R = 0.077 + 0.043i, h211Lh33∗1R = −0.040 + 0.034i,
h231Lh
33∗
1L = −1.523 − 0.394i, h221Lh33∗1L = 0.247 + 0.473i, h211Lh33∗1L = 0.226 + 1.261i, and
the blue curves correspond to h231Lh
33∗
1R = 0.017 − 0.028i, h221Lh33∗1R = −0.115 + 0.017i,
h211Lh
33∗
1R = −0.238 − 0.041i, h231Lh33∗1L = −1.22 + 0.301i, h221Lh33∗1L = 0.730 − 0.039i,
h211Lh
33∗
1L = −1.327+0.357i, respectively, while the green curves correspond to the Standard
Model.
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Figure 11: The effects of the S3 leptoquark model on the differential decay rates
(1/Γ0)dΓ/dq
2, (1/Γ0)dΓ/dEτ ; the ratio of differential rates B; and the forward-backward
asymmetry (AFB) of B → Xcτ−ν¯τ . Each plot shows the observable in the Standard
Model and for two allowed values of the NP couplings. The red curves correspond to
g333Lg
23∗
3L = −0.062 − 0.028i, g323Lg23∗3L = 0.031 − 0.005i, g313Lg23∗3L = 0.013 − 0.003i, and
the blue curves correspond to g333Lg
23∗
3L = −0.062 − 0.028i, g323Lg23∗3L = 0.003 − 0.031i,
g313Lg
23∗
3L = 0.052 − 0.054i, respectively, while the green curves correspond to the Stan-
dard Model.
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Figure 12: The effects of the U3 leptoquark model on the differential decay rates
(1/Γ0)dΓ/dq
2, (1/Γ0)dΓ/dEτ ; the ratio of differential rates B; and the forward-backward
asymmetry (AFB) of B → Xcτ−ν¯τ . Each plot shows the observable in the Standard
Model and for two allowed values of the NP couplings. The red curves correspond to
h233Lh
33∗
3L = −0.019 + 0.002i, h223Lh33∗3L = 0.011 − 0.007i, h213Lh33∗3L = 0.026 − 0.012i, and
the blue curves correspond to h233Lh
33∗
3L = −0.037 + 0.005i, h223Lh33∗3L = 0.015 + 0.002i,
h213Lh
33∗
3L = −0.003 − 0.019i, respectively, while the green curves correspond to the Stan-
dard Model.
power corrections. Several observables including rates as well as differential distributions
were discussed with a particular focus on the ratio of rates R(Xc) =
B[B→Xcτ−ν¯τ ]
B[B→Xcℓ−ν¯ℓ]
. ALEPH
has a measurement of b→ Xτ−ν¯τ which we converted into a measurement of B → Xcτ−ν¯τ
under certain assumptions. Using this as an input we showed that this measurement
further constrained the NP couplings introduced to address the R(D(∗)) anomalies. Not
including the ALEPH measurement we found that large deviations from the SM in R(Xc)
are possible with the present R(D(∗)) measurements. This highlights the importance of a
precise measurement of the inclusive rate as a sensitive probe of NP. We then considered
explicit models of NP with leptoquarks and for various models of leptoquarks studied their
effects in the inclusive decay. We found that large deviations are possible in certain models
of leptoquarks and the patterns of these deviations are different for the different models.
Therefore, careful measurements in the inclusive decay can not only point to the presence
of leptoquarks but can give clues about their structure.
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A Helicity Amplitudes
In general for the process B → Xcτ−ν¯τ , the scalar-type, vector/axial-vector-type, and
tensor-type hadronic helicity amplitudes are defined as
HSPλc,λ=0 = H
S
λc,λ=0 +H
P
λc,λ=0,
HSλc,λ=0 = gS 〈Xc| c¯b |B〉 ,
HPλc,λ=0 = gP 〈Xc| c¯γ5b |B〉 , (33)
HV Aλc,λ = H
V
λc,λ −HAλc,λ,
HVλc,λ = (1 + gL + gR) ǫ
∗µ(λ) 〈Xc| c¯γµb |B〉 ,
HAλc,λ = (1 + gL − gR) ǫ∗µ(λ) 〈Xc| c¯γµγ5b |B〉 , (34)
and
H
(T )λb
λc,λ,λ′
= H
(T1)λb
λc,λ,λ′
−H(T2)λbλc,λ,λ′ ,
H
(T1)λb
λc,λ,λ′
= gT ǫ
∗µ(λ)ǫ∗ν(λ′) 〈Xc| c¯iσµνb |B〉 ,
H
(T2)λb
λc,λ,λ′
= gT ǫ
∗µ(λ)ǫ∗ν(λ′) 〈Xc| c¯iσµνγ5b |B〉 , (35)
where ǫµ is the polarization vector of the virtual vector boson. The leptonic amplitudes
are defined as
Lλτ = 〈τ ν¯τ | τ¯ (1− γ5)ντ |0〉 ,
Lλτλ = ǫ
µ(λ) 〈τ ν¯τ | τ¯ γµ(1− γ5)ντ |0〉 ,
Lλτλ,λ′ = −iǫµ(λ)ǫν(λ′) 〈τ ν¯τ | τ¯σµν(1− γ5)ντ |0〉 . (36)
When we consider the process as a free quark decay, we simply use the quark spinors
without hadronic expectation values. So the matrix elements for the hadronic vector and
axial vector currents will become
〈Xc| c¯γµb |B〉 → u¯cγµub, (37)
〈Xc| c¯γµγ5b |B〉 → u¯cγµγ5ub, (38)
for the scalar and pseudoscalar currents
〈Xc| c¯b |B〉 → u¯cub,
〈Xc| c¯γ5b |B〉 → u¯cγ5ub, (39)
and for the tensor currents
〈Xc| c¯iσµνb |B〉 → u¯ciσµνub,
〈Xc| c¯iσµνγ5b |B〉 → u¯ciσµνγ5ub.
(40)
The hadronic and leptonic helicity amplitudes of the process b→ cτ−ν¯τ in the presence
of scalar and pseudoscalar, vector and axial-vector, and tensor NP operators are below.
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A.1 Hadronic helicity amplitudes
Below, we present only the nonvanishing hadronic helicity amplitudes. The scalar and
pseudoscalar helicity amplitudes associated with the new-physics scalar and pseudoscalar
interactions are
HSP1/2,0 = gS
√
Q+ − gP
√
Q−,
HSP−1/2,0 = gS
√
Q+ + gP
√
Q−. (41)
The parity-related amplitudes are
HSλc,λNP = H
S
−λc,−λNP
,
HPλc,λNP = −HP−λc,−λNP . (42)
For the vector and axial-vector helicity amplitudes, we find
HV A1/2,0 = (1 + gL + gR)
√
Q−√
q2
(mb +mc)− (1 + gL − gR)
√
Q+√
q2
(mb −mc),
HV A1/2,+1 = −(1 + gL + gR)
√
2Q− + (1 + gL − gR)
√
2Q+,
HV A1/2,t = (1 + gL + gR)
√
Q+√
q2
(mb −mc)− (1 + gL − gR)
√
Q−√
q2
(mb +mc),
HV A−1/2,0 = (1 + gL + gR)
√
Q−√
q2
(mb +mc) + (1 + gL − gR)
√
Q+√
q2
(mb −mc),
HV A−1/2,−1 = −(1 + gL + gR)
√
2Q− − (1 + gL − gR)
√
2Q+,
HV A−1/2,t = (1 + gL + gR)
√
Q+√
q2
(mb −mc) + (1 + gL − gR)
√
Q−√
q2
(mb +mc). (43)
We also have the relations
HVλc,λw = H
V
−λc,−λw ,
HAλc,λw = −HA−λc,−λw . (44)
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The tensor helicity amplitudes are
H
(T )−1/2
−1/2,t,0 = −gT
[−√Q− +√Q+],
H
(T )+1/2
+1/2,t,0 = gT
[√
Q− +
√
Q+
]
,
H
(T )−1/2
+1/2,t,+1 = −gT
√
2√
q2
[
(mb +mc)
√
Q− + (mb −mc)
√
Q+
]
,
H
(T )+1/2
−1/2,t,−1 = −gT
√
2√
q2
[
(mb +mc)
√
Q− − (mb −mc)
√
Q+
]
,
H
(T )−1/2
+1/2,0,+1 = −gT
√
2√
q2
[
(mb +mc)
√
Q− + (mb −mc)
√
Q+
]
,
H
(T )+1/2
−1/2,0,−1 = gT
√
2√
q2
[
(mb +mc)
√
Q− − (mb −mc)
√
Q+
]
,
H
(T )+1/2
+1/2,+1,−1 = −gT
[√
Q− +
√
Q+
]
,
H
(T )−1/2
−1/2,+1,−1 = −gT
[√
Q− −
√
Q+
]
. (45)
The other nonvanishing helicity amplitudes of tensor type are related to the above by
H
(T )λb
λc,λ,λ′
= −H(T )λbλc,λ′,λ. (46)
A.2 Leptonic helicity amplitudes
In the following, we define
v =
√
1− m
2
τ
q2
. (47)
The scalar and pseudoscalar leptonic helicity amplitudes are
L+1/2 = 2
√
q2v,
L−1/2 = 0, (48)
while the vector and axial-vector amplitudes are
L
+1/2
±1 = ±
√
2mτv sin(θτ ),
L
+1/2
0 = −2mτv cos (θτ ),
L
+1/2
t = 2mτv,
L
−1/2
±1 =
√
2q2v (1± cos(θτ )),
L
−1/2
0 = 2
√
q2v sin (θτ ),
L
−1/2
t = 0, (49)
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and the tensor amplitudes are
L
+1/2
0,±1 = −
√
2q2v sin(θτ ),
L
+1/2
±1,t = ∓
√
2q2v sin(θτ ),
L
+1/2
t,0 = L
+1/2
+1,−1 = −2
√
q2v cos(θτ ),
L
−1/2
0,±1 = ∓
√
2mτv (1± cos(θτ )),
L
−1/2
±1,t = −
√
2mτv (1± cos(θτ )),
L
−1/2
t,0 = L
−1/2
+1,−1 = 2mτv sin(θτ ). (50)
Here we have the relation
Lλτλ,λ′ = −Lλτλ′,λ. (51)
B Four-body decay kinematics
In this appendix we derive the expression for the lepton’s energy in the b quark rest frame
Eℓ, in terms of the scattering angle in the dilepton’s rest frame θℓ. Consider the four-body
decay
b(pb)→ ℓ−(pℓ) + ν¯ℓ(pν¯ℓ) + c(pc) + g(pg), (52)
where g is the real gluon. A four-body decay can be described in five invariants; here we
present three of them which are relevant to our discussion. We have
r2 =(pc + pg)
2 = (pb − pℓ − pν)2, (53)
q2 =(pℓ + pν)
2 = (pb − pg − pc)2, (54)
s2 =(pb − pℓ)2 = (pg + pc + pν)2. (55)
The expressions on the right-hand side above are written using 4-momentum conser-
vation. By expanding Eq. (55) in the dilepton’s rest frame we have
s2 = m2b +m
2
ℓ − 2Eℓνb Eℓνℓ + 2P ℓνb P ℓνℓ cos(θℓ), (56)
where Eℓνb , E
ℓν
ℓ , P
ℓν
b and P
ℓν
ℓ refer to the energies and momenta of the b quark and the
massive lepton in the dilepton’s rest frame. In order to find for these values in terms of
invariants we expand Eq. (53), and using Eq. (54) we find
Eℓνb =
m2b + q
2 − r2
2
√
q2
. (57)
One can also find
Eℓνℓ =
m2ℓ + q
2
2
√
q2
. (58)
Using the above expressions for energies we can easily find the corresponding momenta
P ℓνb =
√
λ(m2b , q
2, r2)
2
√
q2
, (59)
P ℓνℓ =
q2 −m2ℓ
2
√
q2
, (60)
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where λ is defined as λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac − 2bc. Finally by expanding
Eq. (55) again, but this time in the b quark’s rest frame, and using Eq. (56) we find the
expression for the lepton’s energy as
Eℓ =
1
4mbq2
[
(m2b + q
2 − r2)(m2ℓ + q2)− (q2 −m2ℓ)
√
λ(m2b , q
2, r2)cos(θℓ)
]
. (61)
In the case of three-body decay b(pb)→ ℓ−(pℓ) + ν¯ℓ(pν¯ℓ) + c(pc), r2 reduces to m2c .
C Results for various observables
For the twofold distribution dΓ
dq2dEℓ
, one finds from Eqs. (8) and (13)
dΓ
dq2dEℓ
=
G2F |Vcb|2q2(1−m2ℓ/q2)
256m2bπ
3
[
CV A1 +
m2ℓ
q2
CV A2 + C
SP
3
+CT4 +
m2ℓ
q2
CT5 +
4mℓ√
q2
CV A−SP6 +
8mℓ√
q2
CV A−T7 + C
SP−T
8
]
(62)
where the C terms are
CV A1 = (1 + cosθ)
2|HV A1/2,1|2 + (1− cosθ)2|HV A−1/2,−1|2 + 2sinθ2|HV A−1/2,0|2 + 2sinθ2|HV A1/2,0|2,
CV A2 = sinθ
2|HV A1/2,1|2 + sinθ2|HV A−1/2,−1|2 + 2|HV A1/2,t + cosθHV A1/2,0|2 + 2|HV A−1/2,t + cosθHV A−1/2,0|2,
CSP3 = 2|HSP1/2,0|2 + 2|HSP−1/2,0|2,
CT4 = 8cosθ
2|H(T )1/21/2,0,t +H
(T )1/2
1/2,1,−1|2 + 4sinθ2|H
(T )1/2
−1/2,−1,t +H
(T )1/2
−1/2,0,−1|2
+ 4sinθ2|H(T )−1/21/2,t,1 +H
(T )−1/2
1/2,0,1 |2 + 8cosθ2|H
(T )−1/2
−1/2,0,t +H
(T )−1/2
−1/2,1,−1|2,
CT5 = 8sinθ
2|H(T )1/21/2,0,t +H
(T )1/2
1/2,1,−1|2 + 4(1− cosθ)2|H
(T )1/2
−1/2,−1,t +H
(T )1/2
−1/2,0,−1|2
+ 4(1 + cosθ)2|H(T )−1/21/2,0,1 +H
(T )−1/2
1/2,t,1 |2 + 8sinθ2|H
(T )−1/2
−1/2,0,t +H
(T )−1/2
−1/2,1,−1|2,
CV A−SP6 = Re[(cosθH
V A
1/2,0 +H
V A
1/2,t)H
SP∗
1/2,0] +Re[(cosθH
V A
−1/2,0 +H
V A
−1/2,t)H
SP∗
−1/2,0],
CV A−T7 = (1 + cosθ)Re[(H
(T )−1/2
1/2,0,1 +H
(T )−1/2
1/2,t,1 )H
V A∗
1/2,1]− (1− cosθ)Re[(H(T )1/2−1/2,−1,t +H
(T )1/2
−1/2,0,−1)H
V A∗
−1/2,−1]
−Re[(H(T )1/21/2,0,t +H
(T )1/2
1/2,1,−1)(H
V A∗
1/2,0 + cosθH
V A∗
1/2,t)]
−Re[(H(T )−1/2
−1/2,0,t +H
(T )−1/2
−1/2,1,−1)(cosθH
V A∗
−1/2,t +H
V A∗
−1/2,0)],
CSP−T8 = − 8cosθRe[HSP∗1/2,0(H(T )1/21/2,0,t +H
(T )1/2
1/2,1,−1)]− 8cosθRe[HSP∗−1/2,0(H
(T )−1/2
−1/2,0,t +H
(T )−1/2
−1/2,1,−1)],
(63)
with
cosθ =
(m2b −m2c + q2)(q2 +m2ℓ )− (4mbq2Eℓ)√
Q+Q−(q2 −m2ℓ )
. (64)
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From relation (62), one can conveniently find the distribution for q2 or Eℓ. Nonperturba-
tive corrections to these distributions (for SM) are presented elsewhere (see [36], [23] and
[34]) and we do not repeat them here.
The forward-backward asymmetry can be written as the sum of tree level A0FB and non-
perturbative A
O(1/m2
b
)
FB terms,
AFB = A
0
FB +A
O(1/m2
b
)
FB , (65)
with
A0FB = (
dΓ
dq2
)−1
G2F |Vcb|2
512π3
q2
√
Q+Q−
m3b
(
1− m
2
ℓ
q2
)2[
BV A1 +
2m2ℓ
q2
BV A2 +
4m2ℓ
q2
BT3 +
2mℓ√
q2
BV A−SP4 +
4mℓ√
q2
BV A−T5 + 4B
SP−T
6
]
, (66)
where
BV A1 = |HV A1/2,1|2 − |HV A−1/2,−1|2,
BV A2 = Re[H
V A∗
1/2,tH
V A
1/2,0 +H
V A∗
−1/2,tH
V A
−1/2,0],
BT3 = |H(T )−1/21/2,0,1 +H
(T )−1/2
1/2,t,1 |2 − |H
(T )1/2
−1/2,−1,0 +H
(T )1/2
−1/2,t,−1|2,
BV A−SP4 = Re[H
SP∗
1/2,0H
V A
1/2,0 +H
SP∗
−1/2,0H
V A
−1/2,0],
BV A−T5 = Re[H
V A∗
1/2,t(H
(T )1/2
1/2,−1,1 +H
(T )1/2
1/2,t,0 )] + Re[H
V A∗
1/2,1(H
(T )−1/2
1/2,0,1 +H
(T )−1/2
1/2,t,1 )]
+ Re[HV A∗−1/2,t(H
(T )−1/2
−1/2,−1,1 +H
(T )−1/2
−1/2,t,0 )]− Re[HV A∗−1/2,−1(H
(T )1/2
−1/2,−1,0 +H
(T )1/2
−1/2,t,−1)],
BSP−T6 = Re[H
SP∗
1/2,0(H
(T )1/2
1/2,−1,1 +H
(T )1/2
1/2,t,0 )] + Re[H
SP∗
−1/2,0(H
(T )−1/2
−1/2,−1,1 +H
(T )−1/2
−1/2,t,0 )]. (67)
Also, the O(1/m2b) correction is
A
O(1/m2
b
)
FB =
( dΓ
dq2
)−1G2F |Vcb|2(1−m2ℓ/q2)2
384π3m5bq
2
{
λ1[(m
2
ℓm
2
b −m2ℓm2c − (q2)2)(3(m2b −m2c)2
+q2(2m2b − 6m2c + 3q2))] + λ2[9m6bm2ℓ − 45(m2c − q2)2(m2cm2ℓ + (q2)2)
+m4b(−63m2cm2ℓ + 3q2(2m2ℓ + 9q2)) + 3m2b(33m4cm2ℓ + 2m2cq2(−8m2ℓ + 3q2)
+(q2)2(3m2ℓ + 14q
2))]
}
. (68)
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